Radiotherapy is used in locally advanced pancreatic cancers where it can improve survival in combination with gemcitabine. However, prognosis is still poor in this setting where more effective therapies remain needed. MLN4924 is an investigational small molecule currently in Phase I clinical trials. MLN4924 inhibits NAE (NEDD8 Activating Enzyme), a pivotal regulator of the E3 ubiquitin ligase SCF (SKP1, Cullins, and F-box protein), that has been implicated recently in DNA repair. In this study, we provide evidence that MLN4924 can be used as an effective radiosensitizer in pancreatic cancer. Specifically, MLN4924 (20-100 nM) effectively inhibited cullin neddylation and sensitized pancreatic cancer cells to ionizing radiation in vitro with a sensitivity enhancement ratio (SER) of ~1.5. Mechanistically, MLN4924 treatment stimulated an accumulation of several SCF substrates, including CDT1, WEE1 and NOXA, in parallel with an enhancement of radiation-induced DNA damage, aneuploidy, G2/M phase cell cycle arrest and apoptosis. RNAi-mediated knockdown of CDT1 and WEE1 partially abrogated MLN4924-induced aneuploidy, G2/M arrest, and radiosensization, indicating a causal effect.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related deaths in the USA and one of the deadliest human malignancies with an overall 5-year survival rate of ~5% (1). Although gemcitabine is the standard systemic therapy for pancreatic cancer (2) , the finding that as many as 1/3 of pancreatic cancer patients die of locally destructive disease underscores the importance of radiotherapy for local disease control (3) . Indeed, the combination of radiation with gemcitabine has been shown to significantly prolong survival compared to gemcitabine alone (4) , and intensifying radiation also appears to improve survival (5) . Despite these improvements, the prognosis for patients with pancreatic cancer is still very poor, and new combinational therapies are urgently needed. Strategies utilizing small molecule inhibitors to sensitize pancreatic tumor cells to radiation (and gemcitabine) are well underway.
We have recently shown that small molecule inhibitors of CHK1 (checkpoint kinase 1), sensitized pancreatic tumor cells and xenografts to radiation by G2 checkpoint abrogation and homologous recombination repair inhibition (6) . Of the small molecule inhibitors tested in Phase III clinical trials in pancreatic cancer, erlotinib, an inhibitor of EGFR with only very modest activity in pancreatic cancer, has been shown to improve survival (7, 8) . Thus, there is a demand for novel and more effective therapies. Our laboratory has recently shown that SCF E3 ubiquitin ligases are promising radiosensitizing targets in cancer cells (9, 10) . Whether inhibition of SCF E3 ubiquitin ligases might also be a useful strategy for sensitizing pancreatic cancers to radiation has not previously been tested.
The SCF (SKP1-Cullin-F-box proteins) E3 ubiquitin ligases, consisting of an adaptor protein SKP1, a scafford protein cullin, a substrate receptor F-box protein, and a RING protein RBX1 or RBX2, are the largest multiunit ubiquitin ligases (11, 12) , responsible for the ubiquitination of ~20% of all ubiquitinated proteins for targeted degradation by proteasome (13) .
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The SCF E3s, therefore, regulate numerous biological processes, including cell cycle progression, signal transduction and DNA replication, among others (11, 12) . It is well established that the core of SCF E3 ligase is a cullin-RING finger protein complex (14) . In human and mouse, there are 7 cullins (cullins 1-3, 4A, 4B, 5 and 7) and two RING family members, RBX1 (RING box protein-1) and RBX2, also known as SAG (Sensitive to Apoptosis Gene) (11, 12, 15) . The ligase activity of the SCF requires a) RBX1/RBX2, which binds to ubiquitin-loaded E2, and b) cullin neddylation (16) (17) (18) (19) , the addition of a ubiquitin-like protein NEDD8 to cullin, catalyzed by NEDD8 activating enzyme E1 (NAE), NEDD8 conjugating enzyme E2 (Ubc12) and NEDD8-E3 ligase (20) .
We have recently shown that inactivation of SCF E3 ligase by siRNA knockdown of either RBX1 or RBX2/SAG induced apoptosis and senescence, and sensitized human cancer cells to radiation (9, 10, 21) , and that Sag knockout also sensitized mouse embryonic stem cells to radiation via inducing apoptosis (22) Since MLN4924 effectively inactivates SCF E3 by blocking cullin neddylation (13), we tested our working hypothesis that MLN4924 could sensitize pancreatic cancer cells to radiation. We reported here that MLN4924 indeed acts as a radiosensitizing agent by enhancing radiation-induced DNA damage, aneuploidy, G2/M arrest and apoptosis via mechanism including accumulation of CDT1 and WEE1, two well-known substrates of SCF E3 ubiquitin ligase. 6 AUU-3'), and siWEE1-1 (5'-GAGGCUGGAUGGAUGCAUUUU-3') and siWEE1-2 (5'-CUCC GGGGUAGUUCUCUCUUU-3'), and scrambled control siRNA (siCONT: 5'-ATTGTATGCG ATCGCAGACTT-3'). All oligoes were purchased from Dharmacon (USA). Cells were transfected with siRNA using X-tremeGENE (Roche) and split 48 hrs later. One portion was used for clonogenic assay and the other portions for immunoblotting (IB) or FACS profile (23) .
Immunoblotting: Cells were exposed to various treatments and harvested for IB as described (23) using antibodies against CDT1, WEE-1, CUL1, total CDC2 (Santa Cruz Biotechnology), ORC-1, p21, p27 (BD Biosciences), NOXA, BIM1, phospho-CHK1 (S345), phospho-CHK2 (T68), γ-H2AX (Ser139), phosphor-CDC2 (Y15), phospho-IκB, Cyclin B1 (Cell Signaling), and β-actin (Sigma).
FACS (Fluorescence-activated Cell Sorting):
Cells were treated with MLN4924, or exposed to radiation alone or in combination. Cells were harvested 24 or 48 hrs post radiation and analyzed by flow cytometry (23) .
Immunofluorescence staining: Cells after exposure to various treatments were fixed with 4% paraformaldehyde, permeabilied with 0.5% triton, blocked with 0.5% BSA, and incubated with primary antibody against γ-H2AX (Millipore) at 1:1000, followed by incubation with Alexa Fluor 594 goat anti-mouse IgG at 1:2000. Cellular nuclei were stained with DAPI, as described (9) . The stained cells were observed under fluorescent microscope (Olympus 1x71), using Olympus LCP lan F1 lens and Olympus DP70 cameras. The acquisition software used is Olympus DP Controller 2002 (Olympus Optical Co. LTD).
In vivo anti-tumor study: All animal studies were conducted in accordance with the guidelines established by the University Committee on Use and Care of Animals (UCUCA). Five million MiaPaCa-2 cells were inoculated s.c in both flanks of nude mice. The mice were randomized and the treatment started when the tumor size reached 100 mm 3 at 14 days after inoculation. 7 MLN4924 (30 mg/kg, s.c.) and radiation (1 Gy) were given once a day, 5 days a week for three weeks. Radiation was delivered directly to the tumor with the rest of the animal shielded. For combination treatment, MLN4924 was given 2 hrs prior to radiation exposure with the same schedule as for individual treatments. The growth of tumors (8 for control group, 12-16 for the other groups) was measured twice a week, and average tumor volumes were calculated, as estimated from the formula (L x W 2 )/2. Radiation was conducted in the University of Michigan Comprehensive Cancer Center Experimental Radiation Core.
Statistical analysis: ANOVA models were used with SPSS software for statistical comparisons involving multiple groups, followed by an SNK post hoc test to determine significance of each two groups (p < 0.05). Tumor volume doubling (tripling) was determined for each xenograft by identifying the earliest day on which it was at least twice (three times) as large as on the first day of treatment. A cubic smoothing spline was used to obtain the exact time of doubling (tripling).
The Kaplan-Meier method was used to analyze the doubling (tripling) times derived from the smoothed growth curves, and the cox regression model was used for comparisons between any two treatment groups after adjusting the initial tumor sizes. Bayesian hierarchical changepoint model (BHC) was conducted to estimate the tumor growth profile characterized by a pre-nadir regression rate, a regression period, a nadir volume, and a post-nadir regrowth rate. The 90% highest probability density (HPD) confidence intervals were calculated to compare these features between different treatments. If the HPD interval of the difference in any feature between two treatments covers zero, the two treatments are not significantly different on that feature at the significant level of 0.1 (25). 
Results

Sensitivity of pancreatic cancer lines to MLN4924 as a single agent.
Our recent studies showed that inactivation of SCF E3 ubiquitin ligase by siRNA knockdown of its RING component, RBX1 or RBX2/SAG, sensitized human cancer cells to radiation (9, 10) , whereas Sag knockout also sensitized mouse embryonic stem cells to radiation by inducing apoptosis (22) , suggesting that SCF E3 is an attractive radiosensitizing target. Here we tested our working hypothesis that MLN4924, a small molecule inhibitor of NEDD8 activating enzyme (NAE) which suppresses cancer cell growth by inhibiting activity of SCF E3 ubiquitin ligase via cullin deneddylation (13) , could be a novel radiosensitizing agent in pancreatic cancer cells.
We first determined the sensitivity of two pancreatic cancer lines, MiaPaCa-2 and BxPC-3 to MLN4924 as a single agent. In an ATPlite-based 7-day cell proliferation assay, MLN4924 effectively suppressed growth of MiaPaCa-2 and BxPC-3 cells with an IC50 of 45 nM or 177 nM, respectively (Fig. 1A) . In a standard clonogenic survival assay with MLN4924 in the culture medium for 7-9 days, MLN4924 caused a dose-dependent inhibition of colony formatin with an IC50 of ~25-50 nM (Fig. 1B) . Thus, MLN4924 is a potent inhibitor of cell proliferation and survival in pancreatic cancer cell lines, with a higher efficacy against MiaPaCa-2 cells.
MLN4924 sensitized cancer cells, but not normal cells to radiation.
We then determined the potential radiosensitizing effect of MLN4924 in pancreatic cancer cells. We first confirmed that MLN4924 treatment indeed caused deneddylation of cullin 1; MLN4924 at 100 nM for a 6-hr exposure was sufficient to block cullin neddylation (Fig. 1C ).
We next used two different dosing regimens to test MLN4924 radiosensitization. In the first regimen (higher MLN4924 dose with shorter exposure time), cells were pretreated with MLN4924 (100 nM) for 6 hrs, which effectively caused the accumulation of CDT1 and WEE1
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(two critical substrates of SCF E3 ligase, see below) ( Fig. S1 ), followed by radiation at different doses up to 8 Gy. MLN4924 was washed out 24 hrs post radiation and cells were cultured in MLN4924-free medium for additional 6-9 days, allowing colony formation. Under this condition, MLN4924 effectively sensitized both pancreatic cancer cell lines to radiation with a sensitivity enhancement ratio (SER) of 1.43-1.55, respectively (Fig. 1D ). In the second regimen (lower MLN4924 dose with longer exposure time), we pretreated cells with MLN4924 at a lower concentration (20 nM for MiaPaCa-2, and 25 nM for BxPC-3) for 24 hrs, followed by radiation at different doses up to 8 Gy. Cells were then cultured for additional 7-9 days in the presence of MLN4924 at these low doses (without medium change). Under this condition, we confirmed that cullin-1 was deneddylated throughout the experimental periods ( (Fig. S3C) . Likewise, MLN4924 at as low as 15 nM sensitized radioresistant H1299 cells (23) to radiation with a SER of 1.39, but had no effect on MRC5 cells (SER = 1.13) (Fig. S3D) . Thus, MLN4924 appears to selectively target cancer cells with high levels of cullin neddylation and SCF E3 ligase activity. Author Manuscript Published OnlineFirst on November 9, 2011; DOI: 10.1158/0008-5472. CAN-11-2866 Radiosensitization by MLN4924 is attributable to enhanced G2/M arrest, aneuploidy, and induction of apoptosis.
To determine the nature of MLN4924 radiosensitization, we performed cell cycle profile of two pancreatic cancer cell lines treated with MLN4924, radiation, or MLN4924 in combination with radiation ( Fig. 2A) , and found that MLN4924 remarkably enhanced the radiation-induced G2/M arrest in MiaPaCa-2 (IR at 34% vs. IR plus MLN4924 at 68%) and BxPC-3 cells (IR at 52% vs. IR plus MLN4924 at 65%) (Fig. 2B ). MLN4924 also increased the aneuploid cell population (DNA content greater than 4N) from 10% in response to radiation alone to 40% in response to radiation plus MLN4924 in MiaPaCa-2 cells, and from 4% to 24% in BxPC-3 cells, respectively (Fig. 2C ). In addition, MLN4924 increased the radiation-induced subG1 apoptotic population at later time points (48-hr; Fig. 2D ). These results suggested that radiation-induced disruption of cell cycle progression and genomic instability, followed by apoptotic cell death, can be further enhanced by MLN4924.
MLN4924 enhanced radiation-induced DNA damage.
Since the major cellular effect of ionizing radiation is to cause DNA damage and trigger the DNA damage response (26), we, therefore, examined if MLN4924 treatment would enhance radiation-induced DNA damage and interfere with the the DNA damage repair process. We determined DNA double-strand breaks (DSBs) by measuring the overall levels of γ-H2AX protein and formation of nuclear foci upon radiation and MLN4924 treatment, alone or in combination. We found the levels of γ-H2AX increased regardless of single or combination treatment at an earlytime point (4-hr). However, a higher protein level of γ-H2AX was seen in the combination treatment group at 24 hrs for both pancreatic cancer cell lines (Fig. 3A) .
Consistently, we observed a significant increase in the population of γ-H2AX foci positive cells in combination treatement group (Fig. 3B&C) . We also determined the DNA damage response upon MLN4924-radiation treatment by measuring phosphorylation of CHK1 and CHK2 and found that while MLN4924 did not enhance CHK2 phosphorylation, MLN4924 did enhance CHK1 phosphorylation in response to radiation, particularly at the later 24-hr time point (Fig.   3D ). Similar enhancement of radiation-induced γ-H2AX levels and CHK1 phosphorylation by MLN4924 was also observed in H1299 lung cancer cells, which are sensitive to MLN4924 radiosensitization, but not in MRC5 lung fibroblast, which are resistant to MLN4924 radiosensitization (Fig. S4) . Taken together, these results suggested that MLN4924 enhances radiation-induced DNA damage and prolongs the process of DNA repair, which is likely attributable to its radiosensitizing effects.
MLN4924 caused accumulation of SCF E3 ligase substrates, which is responsible for G2/M arrest and DNA damage response.
To identify the mediators of MLN4924 which lead to the enhanced radiation effects, we measured the levels of proteins known to be a) the substrates of SCF E3 ligases and b) involved in the regulation of cell cycle progression, DNA damage response, and apoptosis (10, 12, 27) .
We found that as expected, the levels of cell cycle regulators, including p21, p27, WEE1, DNA licencing proteins CDT1 and ORC1, and apoptosis regulators NOXA, BIM EL, and pIκBα, increased substantially upon treatment with MLN4924, but not radiation (Fig. 4) . The MLN4924-radiation combination further increased the levels of CDT1 and NOXA (Fig. 4) , as well as WEE1 activity, as reflected by enhanced phosphorylation of its substrate, CDC2 (Y15) (Fig. 4 , bottom panels), suggesting these three proteins may contribute to MLN4924 radiosensitization. 
Partial rescue of aneuploidy, G2/M arrest, and radiosensitization by siRNA knockdown of CDT1 and WEE1.
Since apoptosis appears to be a late and secondary effect of MLN4924-radiation (Fig.   2D ), likely resulting from enhanced DNA damage and prolonged G2/M arrest, we focused our attention on CDT1, a DNA licencing protein whose overexpression is known to cause DSB and trigger DNA damage (9, 28) , and WEE1, a protein tyrosine kinase that phosphorylates CDC2 on Tyr15 to arrest cells at the G2 phase of cell cycle (29, 30) . We reasoned that if CDT1 and/or WEE1 were critical to MLN4924-induced enhancement of radiation effects, we should be able to abrogate these effects, at least in part by their simultaneous knockdown. Indeed, in MLN4924-radiation-treated cells, CDT1 knockdown, using two independent siRNA oligoes significantly reduced CHK1 phosphorylation (Figs. 5A&S5A) with a consequent reduction of the aneuploid population from ~40% to ~30% (Fig. 5B) or from 34% to 19% (Fig. S5B) . Likewise, WEE1 knockdown using two independent siRNA oligoes abrogated CDC2 phosphorylation at Y15 (Fig.   5A, Fig. S5A ) and reduced the G2/M population from 74% to 55% (Fig. 5C ) or 72% to 56% (Fig.   S5C ). Importantly, MLN4924 radiosensitization was largely abrogated upon knockdown of CDT1 or WEE1, as assayed by the first regimen (Figs. 5D&S5D) , as well as the second regimen (Fig. S2C) . These results clearly suggest a causal effect of CDT1 and/or WEE1 accumulation (upon SCF E3 inactivation by MLN4924) on MLN4924 radiosensitization in MiaPaCa-2 cells.
On the other hand, the incomplete rescue of MLN4924 radiosensitization upon CDT1 and/or Wee1 knockdown suggests that other downstream targets (such as p21 or p27, Figure 4 7&8 and 15&16) . Similarly, cullin-1 neddylation was inhibited with a corresponding increase in the SCF E3 substrates WEE1 and NRF2 in MLN4924-treated groups at the early 4 hr time point (lanes 5&6 and 13&14). At later time point (24 hr), both neddylated cullin-1 and NRF2 levels returned to the control levels with WEE1 level remaining slightly higher (lanes 7&8 and 15&16) (Fig. 6A) . As expected, radiation alone had no effect on cullinneddylation or the levels of selected SCF E3 substrates (lanes 9-12) . Our results clearly demonstrate that MLN4924 indeed "hits" its target and suggest that radiation should be delivered 2 hr post-administration of MLN4924, when SCF E3 is inactivated due to cullin deneddylation.
We next determined the in vivo radiosensitizing activity of MLN4924. As shown in Figure 6B&C , administration of MLN4924 alone at a dose of 30 mg/kg s.c./day, 5 days/week for 3 weeks had a moderate inhibitory effect on tumor growth in nude mice. Radiation treatment at a clinically relevant dose of 1 Gy/day, 5 days/week for 3 weeks also had moderate anti-tumor activity. In response to treatment with the combination of MLN4924 and radiation, tumor growth was significantly inhibited compared to either treatment alone (at day 60; Fig 6B) .
Similarly, the time required for tumor volume doubling or tripling was significantly increased in response to MLN4924-radiation treatment compared to vehicle or radiation treatment (Fig. 6C) .
Consistent with this, we also observed a signicantly reduced tumor volume nadir corresponding with a marginally significant increase in the tumor regression rate in response to MLN4924- 
Discussion
Our previous work has demonstrated that SCF E3 ubiquitin ligase is an attractive anticancer target [for review, see (15, (31) (32) (33) ]. However, due to the complexity of establishing a high-throughput (HTS) screen for multi-components SCF E3 ubiquitin ligase, there is no single small molecule discovered that directly inhibits its ligase activity, although a number of HTS methods have been established and optimized to screen for small molecule inhibitors of single peptide E3 ligases (31, 34) . MLN4924 is a newly discovered small molecule inhibitor of NAE (13) . MLN4924 binds to NAE at its active site to create a covalent NEDD8-MLN4924 adduct, which resembles NEDD8 adenylate, but cannot be further utilized in subsequent intraenzyme reactions, thus inhibiting NAE activity and blocking cullin neddylation (13, 35) . Since cullin neddylation is required for SCF E3 activity (16, 18, 19) , MLN4924 becomes the first of a class of "indirect" inhibitors of SCF E3. By inhibiting SCF E3 ligase activity, MLN4924 causes the accumulation of a number of SCF E3 substrates to suppress the growth of acute myeloid leukemia (36) , diffuse large B-cell lymphoma (37) , and many cancer cell lines derived from solid tumors both in vitro and in vivo by inducing apoptosis (13, 36, 37) and senescence (38) (39) (40) .
Importantly, in vivo xenograft assays showed that MLN4924 was well tolerated in mice at various doses and treatment regimens (13) , showing a selective killing of cancer cells. With all these preclinical efficacies, MLN4924 has been advanced to several Phase I clinical trials for solid tumors and hematological malignancies (41) .
In the present study, we tested our hypothesis that MLN4924 is a potent radiosensitizing agent for pancreatic cancer cells, based upon our target validation work using both siRNA knockdown and gene knockout approaches for RBX1 and SAG, the RING components of SCF E3, required for its ligase activity (9, 10, 21, 22) . For the first time, we demonstrated here that in in vitro cell culture models , MLN4924 was a potent growth inhibitor as a single agent, as well as a radiosensitizer in two pancreatic cancer cell lines and in one lung cancer cell line, but not normal lung fibroblast cells. The resistance of normal fibroblasts to MLN4924 radiosensitization is likely due to the lack of cullin neddylation. We also demonstrated in vivo using a MiaPaCa-2 xenograft model, that MLN4924 inhibited tumor growth and conferred radiosensitization with minimal toxicity to the mice. Mechanistically, we showed that MLN4924 enhanced radiationinduced G2/M arrest, aneuploidy, and eventually apoptosis by inhibiting cullin neddylation to trigger the accumulation of a number of SCF E3 substrates, related to DNA damage response and cell cycle regulation. Among these accumulated substrates, CDT1 and WEE1 were further increased when combined with radiation, and were critical for enhanced DNA damage and aneuploidy or G2/M arrest, respectively, and eventually for MLN4924 radiosensitization, as evidenced by siRNA knockdown-based rescuing experiments.
Precise duplication of the genome at the S phase of each cell cycle requires initiation of DNA replication from thousands of origins. Initiation of too few origins would cause collapse of replication forks, leading to DNA damage and incomplete replication of the genome, whereas more than one intiation of DNA replication per cell cycle would cause DNA "hyper-replication" or "rereplication" and subsequent DNA damage (42) , leading to genomic instability and cancer (43) . CDT1 is a key licensing factor which, along with the protein CDC6, functions to form the pre-replicative complex (pre-RC) to initiate DNA replication (44) . It was recently reported that overexpression of Double-arked (Dup), the Drosophila ortholog of CDT1 caused DNA rereplication and DNA damage, followed by caspase activation and apoptotic cell death (45) . In human U2-OS cancer cells, CDT1 overexpression caused double strand breaks to trigger DDR, followed by induction of senescence and apoptosis (28) . Induction of CDT1 accumulation by MLN4924 was found to be attributable to DNA rereplication, aneuploidy, and apoptotic death in HCT116 cells (13, 40, 46) . Our data presented here indicated that CDT1 accumulation is also 
The WEE1 kinase negatively regulates G2/M transition by directly phosphorylating Tyr15 of CDC2, which inhibits the CDC2 activity (30) . We have previously shown that WEE1
can be stabilized and activated by binding to 14-3-3β (47), and is a valid radiosensitizing target whose inhibition abrogates the radiation-induced G2 checkpoint (48, 49) . In this study, we found that the level of WEE1, a substrate of SCF E3 ligase (50), increased, expectedly upon MLN4924 treatment. The WEE1 activity was further enhanced when MLN4924 was combined with radiation. Our rescue experiment demonstrated that accumulated WEE1 is responsible, at least in part, for a remarkable increase in the G2/M population in response to MLN4924 and radiation, which appears causally related to MLN4924 radiosensitization.
In summary, our study revealed radiosensitizing activity of MLN4924, a small molecule inhibitor of SCF E3, in pancreatic cancer as well as in lung cancer cells, and elucidated its mechanisms of action which include accumulation of CDT1 and WEE1, among other cell cycle and apoptosis regulators, which trigger DNA damage, aneuploidy and G2/M arrest, followed by apoptotic death. Our study, therefore, provides the first preclinical proof-of-concept evidence for future development of MLN4924 as a novel radiosensitizing agent against pancreatic cancer and possibly other types of human cancers. 
